Introduction
============

By enveloping cellular life, membranes separate proteomes into the following two distinct groups: cellular and extracellular. While free-living bacteria secrete extracellular proteins through several dedicated pathways, there are no known systems by which extracellular proteins are imported ([@B1], [@B2]). Consequently, extracellular proteins are less likely to be recycled by the cell or passed down during cell division. Many extracellular proteins are involved in pathogenesis and have been noted for their unique compositional biases ([@B3], [@B4]), which are significant enough to be predictive ([@B3], [@B5]--[@B12]). However, identifying and exploiting these biases has received more attention than determining which pressures led to them ([@B13], [@B14]).

Evolution selects for phenotypic changes that increase organismal fitness. At the molecular level, amino acid substitutions that enhance, diversify, or maintain beneficial functions or phenotypes are favored. However, not all substitutions are predicted to affect protein folding or function ([@B15], [@B16]). Nonetheless, such neutral substitutions, particularly in abundant proteins, can affect the metabolic load of an organism and thus be subject to natural selection ([@B17], [@B18]). Accordingly, microbes that thrive in nutrient-restrictive environments have proteins with fewer sulfurs, carbons, or nitrogens ([@B19]--[@B23]). Similarly, transient nutrient starvation results in expression of proteins with less of a limiting element ([@B24], [@B25]). Furthermore, many amino acid biosynthetic enzymes contain less of the amino acids they produce ([@B26], [@B27]).

Protein composition is also shaped by the energy required to synthesize individual amino acids ([@B21], [@B28]--[@B32]). The total synthetic cost of an amino acid includes both the ATPs/GTPs used in biosynthesis and the energy lost to central metabolism from the consumption of precursors ([@B28], [@B29], [@B33], [@B34]). The synthetic costs of amino acids vary by over 6-fold in *Escherichia coli*: Gly costs 11.7 high-energy phosphate bonds (\~P) or ATPs, whereas Trp costs 74.3 (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 5 and 6 in the supplemental material) ([@B28]). Numerous studies have found that abundant proteins are often composed of amino acids that require fewer ATPs to produce ([@B21], [@B28]--[@B31]). Here, we demonstrate that protein composition and economy are more tightly coupled to location. Compared to cytoplasmic, periplasmic, or membrane proteins, extracellular proteins contain a significantly higher composition of economic amino acids.

RESULTS AND DISCUSSION {#h1}
======================

Protein location and cost in *Escherichia coli*. {#h1.1}
------------------------------------------------

We calculated the average synthetic cost (ASC) of each protein in *E. coli* K-12 ([Fig. 1A](#f1){ref-type="fig"}; see also [Data Set S1, tab A](#ST2){ref-type="supplementary-material"}, in the supplemental material) using the amino acid synthetic cost of chemoheterotrophic bacteria ([@B28], [@B29]). Strikingly, 11 of the 100 most economical proteins (those with the lowest ASCs) were extracellular, even though extracellular proteins comprise only 0.37% of total proteins---a 30-fold enrichment ([Fig. 1B](#f1){ref-type="fig"}; see also [Text S1](#ST1){ref-type="supplementary-material"}, p. 7, in the supplemental material). Extracellular proteins required 2.9 fewer ATPs per residue than an average protein (U test, *P* = 1.96 × 10^−9^) (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 8, in the supplemental material). Thus, for a typical protein in *E. coli*, these biases would save \~900 ATPs. The ASC was nearly predictive for the location in *E. coli*, as not a single extracellular protein had an ASC above the global average.

![Protein location in *E. coli* is indicative of synthetic cost. (A) Each protein in *E. coli* is plotted based upon its average synthetic cost (ASC) and cellular location. Dotted line, mean ASC of all proteins in *E. coli*; black bars, mean ASC of proteins in that location; aa, amino acid. U tests were used to compare the protein ASCs of each location against those of cytoplasmic proteins. (B) Locations of all proteins, the 100 most economical proteins, and the 100 least economical proteins in *E. coli*, as ranked by ASC. OM, outer membrane; IM, inner membrane. (C) Histogram of the percent Gly plus Ser for all proteins in *E. coli*.](mbo9991010340001){#f1}

Periplasmic and outer membrane proteins were enriched by 3- and 5-fold, respectively, among economical proteins; inner membrane proteins were more likely to contain expensive residues. Surprisingly, outer membrane proteins were significantly more economical than inner membrane proteins due to an increased number of expensive amino acids in integral membrane proteins (1.8 ATPs per amino acid; U test, *P* = 4.21 × 10^−31^) (see [Fig. S1](#S1){ref-type="supplementary-material"} and [Text S1](#ST1){ref-type="supplementary-material"}, p. 12--14, in the supplemental material). The ASCs of outer membrane β-barrel and membrane-anchored proteins were similar to those of cytoplasmic proteins; however, outer membrane lipoproteins, many of which have soluble periplasmic domains, had significantly lower ASCs than cytoplasmic proteins (see [Fig. S1](#S1){ref-type="supplementary-material"} and [Text S1](#ST1){ref-type="supplementary-material"}, p. 12--13).

Protein economics of extracellular appendages. {#h1.2}
----------------------------------------------

One of the most abundant extracellular proteins in *E. coli* is the major subunit of the curli fiber CsgA ([@B35]) (see [Fig. S2B](#S2){ref-type="supplementary-material"} in the supplemental material). Like some curli-specific gene products, CsgA is rich in Gly and Ser. CsgA is composed of 19.2% Gly (global mean, 7.2%) and 28.5% Gly plus Ser (global mean, 12.8%) ([Fig. 1C](#f1){ref-type="fig"}; see also [Text S1](#ST1){ref-type="supplementary-material"}, p. 15, in the supplemental material), the sixth largest amount in any *E. coli* protein. Intriguingly, the curli regulator CsgD increases expression of a gene for the biosynthetic enzyme GlyA, which interconverts Gly and Ser ([@B36]). CsgD may increase GlyA to balance Gly and Ser pools, resulting in efficient curli production. More appropriately, as ancient ([@B37]), relatively simple amino acids, Gly and Ser are two of the least expensive ones to produce ([@B28], [@B33], [@B34]) (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 5, in the supplemental material). Consequently, CsgA has the ninth lowest ASC in *E. coli*, utilizing 4.17 fewer ATPs per residue than average (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 16 and 17, in the supplemental material). The major subunits of flagella and type 1 pili have the 6th and 11th lowest ASCs (see [Fig. S2](#S2){ref-type="supplementary-material"} and [Text S1](#ST1){ref-type="supplementary-material"}, p. 16 and 17, in the supplemental material).

The relative economy of extracellular proteins is not due to enrichment of the same amino acids. Collectively, extracellular proteins in *E. coli* contain more of the inexpensive amino acids Ala, Asn, Gln, Ser, and Thr and fewer of the expensive residues Arg, His, Met, Phe, and Trp (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 14, in the supplemental material). When examining amino acid usage in CsgA, FimA, and FliC, we found that all three contain fewer aromatic residues. However, each major fiber subunit had a unique combination of inexpensive amino acids (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 18, in the supplemental material). Enrichment of Gly and Asn is responsible for 65.8% of CsgA's energy savings, whereas 54.9% of FimA's savings are due to enrichment of Ala and Thr. In contrast, FliC is not particularly rich in any one amino acid; 31.7% of its savings are due to enrichment of Asn and Thr. Instead, FliC contains reduced amounts of aromatic amino acids relative to CsgA or FimA. Thus, extracellular proteins are not simply rich in a specific subset of economical amino acids; rather, they contain many combinations of inexpensive amino acids and typically lack expensive ring-structured amino acids.

The bacterial flagellum is one of the most complex and well-studied cellular structures in bacteria ([@B38]). With multiple proteins in every cellular compartment, the flagellum is an excellent system to analyze the connection between protein location and ASC within a single organelle. Indeed, the cost of flagellar proteins decreases the farther they are from the cytoplasm ([Fig. 2](#f2){ref-type="fig"}, darker reds). Extracellular flagellar proteins have significantly lower ASCs than cytoplasmic flagellar proteins (2.6 ATPs per amino acid; *t* test, *P* = 2.62 × 10^−6^) (see [Fig. S3A](#S3){ref-type="supplementary-material"} and [Text S1](#ST1){ref-type="supplementary-material"}, p. 19, in the supplemental material). Furthermore, curli and type I pilus proteins show economic trends similar to those shown by flagellar proteins (see [Fig. S4](#S4){ref-type="supplementary-material"} and [Text S1](#ST1){ref-type="supplementary-material"}, p. 16 and 17, in the supplemental material). Because the ASC might be influenced by protein length, abundance, or function ([@B28], [@B31]), we tried to correlate the ASCs of flagellar proteins with these criteria. However, we did not find a significant trend when comparing the ASCs of flagellar proteins with their lengths or abundances ([@B38]) (Spearman's *r*~*s*~ = −0.189 and −0.255, *P* = 0.232 and 0.209, respectively) (see [Fig. S3](#S3){ref-type="supplementary-material"} and [Text S1](#ST1){ref-type="supplementary-material"}, p. 20, in the supplemental material). Additionally, the function of extracellular flagellar proteins includes structural, assembly, and regulatory roles; thus, function does not appear to affect their relative economy. Intriguingly, cytoplasmic regulatory proteins of flagella are relatively expensive (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 16, in the supplemental material); however, FlgM, a secreted anti-sigma factor ([@B39]), is quite economical. Among regulatory proteins in K-12 (UniProt gene ontology \[GO\], 65,007), FlgM is by far the most economical, requiring 3.91 fewer ATPs per residue than an average regulatory protein.

![Protein abundances and costs of flagellar proteins. Flagellum diagram showing colored economic percentiles of each protein. Proteins with lower ASCs (more economical) have higher percentiles and are dark red. ASC increases in the following order: dark red to pink, light to dark blue, gray. \*, proteins with Sec secretion sequences. The number of proteins per flagellum is indicated if known ([@B38]).](mbo9991010340002){#f2}

In a more encompassing analysis, we reexamined the correlation between ASC and length, abundance, or function in the *E. coli* proteome. Although cytoplasmic and periplasmic proteins had significant negative correlations between abundance and cost, outer membrane β-barrel and integral membrane proteins did not (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 21 and 22, in the supplemental material). Additionally, while protein length and cost were weakly correlated overall (*r*~*s*~ = −0.05; *P* = 0.0009), there were no significant correlations in outer membrane, periplasmic, or extracellular proteins (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 23 and 24, in the supplemental material). Finally, many extracellular proteins are fibrous in *E. coli*; therefore, we examined the ASCs of several different fibrous protein polymers. As expected, extracellular protein polymers contained fewer expensive amino acids than their intracellular counterparts (1.7 ATPs per amino acid; *t* test, *P* = 4.3 × 10^−4^) (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 25, in the supplemental material). Collectively, these results suggest that location has a more significant role on the amino acid composition of proteins than previously appreciated.

How significant are the energy savings garnered by FliC and FimA? Previous studies have suggested that a single neutral substitution can affect cell growth and thus be subject to negative selection ([@B17], [@B21]). Indeed, one Gly-to-Trp substitution in FliC would increase the total cellular ATP requirement of *E. coli* by 0.031%. We compared the ASCs of FliC and FimA to that of an average cellular protein to calculate how much energy *E. coli* saves by making these proteins with less expensive amino acids (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 26, in the supplemental material). The biases in FliC save the cell 4.4 × 10^7^ ATPs per flagellum. If converted to H^+^, these savings correspond to the energy required to run the flagellum at 100 Hz for 24 min. In a typical *E. coli* cell, FliC or FimA savings (2.2 × 10^8^ ATPs for five flagella or 300 fimbriae) represent a 1.10% reduction in the overall cellular cost. Accordingly, flagellar mutants rapidly overtake wild-type (WT) strains due to lower metabolic loads ([@B40]), constitutive flagellar mutants (*flgM* and *fliD*) grow slower due to excess FliC production ([@B41]), and *flgG* mutants but not *motAB* mutants outcompete WT bacteria on plates ([@B42]).

Alternative costs. {#h1.3}
------------------

The association between amino acid costs and protein abundance has been explored using different parameters, including amino acid mass and atomic composition ([@B17], [@B19], [@B21], [@B24], [@B29], [@B31], [@B33], [@B34]). A composite of atomic content, mass, has been proposed as a complementary approach to calculate relative costs ([@B31]). The synthetic costs and masses of amino acids are highly correlated (*R* = 0.803, *P* = 2.02 × 10^−5^) ([Fig. 3A](#f3){ref-type="fig"}; see also [Text S1](#ST1){ref-type="supplementary-material"}, p. 6, in the supplemental material). Predictably, we found extracellular proteins have smaller amino acids than those of cytoplasmic proteins (6.7 Da per amino acid for *E. coli*; U test, *P* = 3.4 × 10^−9^) ([Fig. 3B](#f3){ref-type="fig"}; see also [Text S1](#ST1){ref-type="supplementary-material"}, p. 28--32, in the supplemental material). Subsequently, we looked at their carbon and nitrogen content. Diversion of carbon precursors from central metabolism is the largest component of the synthetic cost of amino acids ([@B28], [@B33], [@B34]). While the carbon content of amino acids significantly correlates with their synthetic costs, nitrogen content does not (see [Fig. S5](#S5){ref-type="supplementary-material"} and [Text S1](#ST1){ref-type="supplementary-material"}, p. 6, in the supplemental material). However, extracellular proteins have significantly lower contents of both carbon and nitrogen compared to those of cytoplasmic proteins (8.5%, 6.4% less per amino acid; U test, *P* = 3.0 × 10^−9^ and 5.0 × 10^−8^, respectively) (see [Fig. S5](#S5){ref-type="supplementary-material"} and [Text S1](#ST1){ref-type="supplementary-material"}, p. 28, in the supplemental material). Amino acids in extracellular proteins also have on average lower sulfur content and Gibbs free energy (43) (46.4%, 8.3% less per amino acid; U test, *P* = 1.5 × 10^−6^ and 4.1 × 10^−9^, respectively) (see [Fig. S5](#S5){ref-type="supplementary-material"} and [Text S1](#ST1){ref-type="supplementary-material"}, p. 28, in the supplemental material).

![Molecular masses of amino acids correlate with their synthetic costs; extracellular proteins have simpler amino acids. (A) The synthetic costs of amino acids positively correlates with their masses. Letter codes are used to indicate individual amino acids. (B) Mass has been used as an alternative cost for amino acids ([@B31]). Using mass, extracellular proteins of *E. coli* are significantly more economical; their amino acids are simpler and have less mass than average. Dotted line, mean average mass of amino acids of all proteins in *E. coli*, black bars, mean average mass of amino acids of proteins in that location. U tests were used to compare mass-based costs.](mbo9991010340003){#f3}

Protein function and structure. {#h1.4}
-------------------------------

The extracellular environment represents a unique folding environment that may affect amino acid preferences. To explore this possibility, we looked at ASCs in type III secretion effectors, which many pathogenic bacteria secrete directly into eukaryotic cells ([@B44]). Although type III effectors are extracellular proteins, they function within the host in an environment that is similar to the bacterial cytoplasm. Despite their potential functional constraints, the type III effectors (HOPs) of *Pseudomonas syringae* had significantly lower ASCs than cytoplasmic proteins (1.48 ATPs per amino acid; U test, *P* = 6.22 × 10^−15^) ([Fig. 4A](#f4){ref-type="fig"}; see also [Data Set S1](#ST2){ref-type="supplementary-material"}, tab D, and [Text S1](#ST1){ref-type="supplementary-material"}, p. 33 and 34, in the supplemental material). Type III effectors of other animal and plant pathogens also had significantly lower ASCs (1.27 ATPs per amino acid; U test, *P* = 4.4 × 10^−19^) (see [Fig. S6](#S6){ref-type="supplementary-material"}, [Data Set S1](#ST2){ref-type="supplementary-material"}, tab E, and [Text S1](#ST1){ref-type="supplementary-material"}, p. 33, in the supplemental material). To further investigate if localized protein economy is independent of function, we inspected bacterial serine proteases. On average, extracellular serine proteases cost 0.72 ATPs less per residue than cellular serine proteases (U test, *P* = 2.7 × 10^−9^) (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 35, in the supplemental material). In *Escherichia* and *Bacillus* species, the savings were 1.15 and 1.18 ATPs per residue (*t* test, *P* = 1.6 × 10^−8^ and 4.6 × 10^−5^, respectively) (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 35, in the supplemental material).

![The relationship between protein location and cost extends to diverse organisms. (A) Costs and locations of extracellular proteins and type III effectors: Hops (Hrp outer proteins; green) and Hop helpers (blue) from *P. syringae*. Smaller blue and green bars, mean ASC of Hops and Hop helpers, respectively. (B) Costs and locations of *M. tuberculosis* proteins. PE-GRS (red), PPE (orange), and PE (green) family proteins are indicated. (C, D) Costs and locations of *S. cerevisiae* proteins under respiratory and fermentative growth conditions. Dotted lines, each organism's mean ASC; black bars, the mean ASC of proteins in that location. U tests were used to compare the protein ASCs of each location against those of an organism's cytoplasmic proteins.](mbo9991010340004){#f4}

Oxidation and proteolysis are more likely in the harsh environment, where extracellular proteins function. Protein oxidation levels are influenced by amino acid composition, protein structure, and the particular oxidant to which proteins are exposed (H~2~O~2~, HOCl, or NO) ([@B45]--[@B48]). Commonly oxidized residues include Met, Cys, and the aromatic amino acids. With the exception of Tyr, there are fewer of these amino acids in extracellular proteins; however, the majority of the cost savings in extracellular proteins is not due to these biases (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 14, 18, and 34, in the supplemental material). Besides oxidation, extracellular proteins are also exposed to extracellular peptidases. Within the gastrointestinal (GI) tract, the extracellular proteins of *E. coli* encounter trypsin, chymotrypsin, and elastase, which cleave after basic, aromatic, and simple amino acids ([@B49]). However, the effects that these peptidases would have on ASC are contradictory and are unlikely to be the primary cause of compositional economy in extracellular proteins.

The unique folding environment of the extracellular space may also constrain protein structure. Consequently, we examined the predicted secondary structure and intrinsic disorder of nonmembrane proteins in *E. coli* and *P. syringae*. Extracellular proteins in *E. coli* had significantly less helical structure and significantly more strand content than cytoplasmic proteins (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 36 and 37, in the supplemental material). However, there was no correlation between the ASCs of *E. coli* proteins and their helix, strand, or coil content (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 36, in the supplemental material). Furthermore, strands are by far the most expensive secondary structure (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 37). Such analysis led us to examine which structures had the most savings relative to cytoplasmic proteins. While all three secondary structures were less expensive in extracellular proteins, coiled regions had the most economical substitutions (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 37). Finally, extracellular proteins had greater amounts of disordered regions compared to those of cytoplasmic proteins; however, these differences are not significant in *E. coli* (*t* test, *P* = 0.324) (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 40 and 41). Disordered regions are also a small percentage of the overall structure of extracellular proteins and thus do not significantly alter the relative economy of these proteins (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 40 and 41, in the supplemental material). We found similar results in *P. syringae*, except for type III effectors which had higher contents of disordered regions and lower strand content than other extracellular proteins (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 38--41, in the supplemental material). Disordered regions in type III effectors may assist their function within eukaryotes where such structural disorder is more common and is often associated with protein-protein interactions ([@B50], [@B51]). Collectively, these results suggest that structural differences are not responsible for the economy of many extracellular proteins and that more economical substitutions occur more frequently in less structured regions.

Ubiquity of extracellular protein economy. {#h1.5}
------------------------------------------

A wide variety of other extracellular proteins also contain, on average, fewer expensive amino acids. For example, the elastases and exotoxins of *Pseudomonas aeruginosa*, the S-layer and holdfast proteins of *Caulobacter crescentus*, the secreted α-domain of many autotransporters, and the major capsule protein Caf1p of *Yersinia pestis* are among the most economical proteins in their respective organisms (see [Data Set S1, tabs F and G](#ST2){ref-type="supplementary-material"}, in the supplemental material). More distantly related organisms, such as the Gram-positive pathogen *Mycobacterium tuberculosis* and the budding yeast *Saccharomyces cerevisiae*, showed similar patterns. Both cell wall and extracellular proteins of *M. tuberculosis* have significantly lower ASCs, partially due to the many cell surface antigens in the PE-GRS protein family ([Fig. 4B](#f4){ref-type="fig"}; see also [Data Set S1, tab C](#ST2){ref-type="supplementary-material"}, and [Text S1](#ST1){ref-type="supplementary-material"}, p. 11 and 32, in the supplemental material). Likewise, the cell wall and extracellular proteins of yeast have significantly lower ASCs under both respiratory and fermentative growth conditions ([Fig. 4C and D](#f4){ref-type="fig"}; see also [Data Set S1, tab B](#ST2){ref-type="supplementary-material"}, and [Text S1](#ST1){ref-type="supplementary-material"}, p. 9, 10, 30, and 31, in the supplemental material).

To see just how broad this affect was, we initially examined the ASCs of the extracellular proteins in all 717 Gram-negative organisms in PSORTdb. To our knowledge, this is the most extensive examination of protein synthetic cost in bacteria. Overall, the amino acids in extracellular proteins cost 1.3 ATPs less than those in cytoplasmic proteins (U test, *Z* = 64.1, *P* \<\< 1 × 10^−323^). However, savings for individual species such as *E. coli* are typically greater. This analysis of the proteomes of PSORTdb may underestimate the average cost savings of extracellular proteins by overrepresenting certain species such as *E. coli*, excluding known extracellular proteins (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 1, in the supplemental material), overlooking the effects of GC content on amino acid composition and carbon content ([@B52]--[@B54]), and including species that are obligate anaerobes or amino acid auxotrophs for which synthetic cost are difficult to assess.

Currently, the relative cost of proteins in organisms lacking one or more amino acid synthesis pathways is difficult to assess. Abundant proteins in two different *Chlamydia* species have been shown to contain either more or less of the amino acids for which they are auxotrophic, perhaps due to metabolic or nutritional differences ([@B29]). When comparing the costs of extracellular proteins in *Gammaproteobacteria*, we found that several insect endosymbionts had relatively expensive extracellular flagellar proteins (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 42 and 43, in the supplemental material). This increased cost comes from amino acid biases that only partially reflect their metabolism or nutrition ([@B55]--[@B57]). For example, *Buchnera aphidicola* has more His, Ile, and Lys and less Gly, Thr, and Val in its extracellular flagellar proteins, despite its capacity to synthesize these amino acids. Other factors, including transport efficiency, host metabolic interdependency, or GC skew may be more relevant ([@B53], [@B58]). More knowledge of how these factors affect amino acid composition is needed to properly study protein economy in auxotrophic organisms.

Protein composition is also affected by an organism's GC content ([@B54]). GC-rich codons tend to code for less expensive amino acids ([@B31]) (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 6, in the supplemental material). Accordingly, proteins produced by GC-rich organisms are, on average, less expensive to synthesize than proteins produced by organisms with lower GC content levels ([Fig. 5A](#f5){ref-type="fig"}). For example, the mean cost of *M. tuberculosis* proteins is less than that of *E. coli* proteins due to high GC content affecting amino acid preferences ([Fig. 5A](#f5){ref-type="fig"}, compare Mtu and Eco) ([@B59]). To overcome these limitations, we looked, individually, at a diverse collection of 25 Gram-negative aerobes representing a wide range of genomic GC contents. Each has retained the ability to synthesize the standard 20 amino acids (aa) (see [Data Set S1, tab H](#ST2){ref-type="supplementary-material"}, in the supplemental material). In all of these organisms, extracellular proteins had significantly lower ASCs and mean amino acid masses compared to those of other cellular proteins ([Fig. 5B](#f5){ref-type="fig"}; see also [Fig. S7](#S7){ref-type="supplementary-material"} and [Text S1, p. 44](#ST1){ref-type="supplementary-material"}, in the supplemental material). Given the trends in [Fig. 5B, a](#f5){ref-type="fig"} typical Gram-negative organism with 50% GC content would save 2.05 ATPs per amino acid in its extracellular proteins, an 8.7% reduction in synthetic cost (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 27, in the supplemental material). Assuming 5 × 10^5^ copies per cell, amino acid biases in extracellular proteins would reduce the total cellular cost by 1.54%. Theoretically, in a direct competition, strains without these savings would be outnumbered by nearly 15-fold within 250 generations.

![Per residue, proteins in GC-rich organisms cost less to synthesize; however, extracellular proteins are still economical. (A) Chromosomal GC content and mean ASC of chromosomally encoded proteins in 70 Gram-negative (red) and 30 Gram-positive (blue) bacteria. White plus sign, thermophile; white center, psychrophile; black center, host-associated organism; black outline, chromosomal DNA is \<1.3 MB, less than that of "*Candidatus* Pelagibacter ubique" which currently has the smallest genome among free-living organisms ([@B67]). Slope = −15.1, *R* = 0.930. (B) Comparison of the mean ASC of extracellular proteins to that of total proteins in 25 Gram-negative bacteria. Each is capable of aerobic growth and synthesis of all 20 aa (see [Data Set S1, tab H](#ST2){ref-type="supplementary-material"}, in the supplemental material). Slope = −11.0 and −17.0; *R* = 0.696 and 0.960, respectively. Eco, *Escherichia coli*; Cru, "*Candidatus* Carsonella ruddii"; Smu, "*Candidatus* Sulcia muelleri"; Wgl, *Wigglesworthia glossinidia*; Bap, *Buchnera aphidicola*; Abu, *Arcobacter butzleri*; Ply, *Photorhabdus luminescens*; Aae, *Aquifex aeolicus*; Tma, *Thermotoga maritime*/*petrophila*; Hci, "*Candidatus* Hodgkinia cicadicola"; Mtu, *M. tuberculosis*; Dra, *Deinococcus radiodurans*; Sco, *Streptomyces coelicolor*; Rsp, *Rhodobacter sphaeroides*; Pae, *Pseudomonas aeruginosa*; Psy, *Pseudomonas syringae* pv. *tomato*; Fjo, *Flavobacterium johnsoniae*.](mbo9991010340005){#f5}

**Conclusion**. {#h1.6}
---------------

Previous studies have explored the connection between amino acid cost and a variety of attributes ([@B21], [@B24], [@B28]--[@B34], [@B60], [@B61]). However, as evidenced in the flagella system of *E. coli*, cellular location can have a stronger influence on the average cost of amino acids. We found that the synthetic costs of extracellular proteins are significantly reduced in *E. coli*, *P. syringae*, *M. tuberculosis*, *S. cerevisiae*, and many other organisms. Furthermore, this economic bias seems present despite the abundance, length, function, or structure of extracellular proteins. Understanding these compositional biases in extracellular proteins may improve current prediction methods. In [Fig. 5B](#f5){ref-type="fig"}, 92.3% of extracellular proteins have an ASC below the organism's mean ASC. Additionally, comprehending the economic selection of amino acids in extracellular proteins may elucidate new pressures upon and constraints of their evolution, particularly in horizontally acquired genomic islands where disparate codon usage and GC content gradually adapt to the host ([@B62]--[@B64])

Microbes interact with their environment directly through external structures, leading to possible loss of surface proteins. Besides secretion, extracellular proteins are lost during fiber shedding, outer membrane blebbing, and cell wall damage. This egress of extracellular proteins is likely irreparable ([@B1], [@B2]); consequently, they are less likely to be recycled by the cell's chaperone and protease systems. Such loss increases the relative cost of extracellular proteins to the cell. Accordingly, excessive production of extracellular proteins results in a decreased growth rate and competitive fitness ([@B40]--[@B42], [@B65]). Therefore, we propose that there is a strong selection for less expensive amino acids in extracellular proteins to counteract this loss of cellular resources.

MATERIALS AND METHODS {#h3}
=====================

Calculating ASC and other cost values. {#h3.1}
--------------------------------------

To calculate protein cost, including the ASC (ATPs/amino acid), mean amino acid mass, mean Gibbs free energy (∆G), and average number of atoms (carbon, nitrogen, and sulfur) per amino acid, we used the following equation, protein cost = (∑*C*~*i*~ × *F*~*i*~)/*L*, where *C*~*i*~ is the appropriate cost of the amino acid *i*, *F*~*i*~ is the frequency of the *i*th amino acid, and *L* is the total protein length.

The different cost values for amino acids used were either the synthetic cost in ATPs, the amino acid mass in daltons, the ∆G for an amino acid, or the number of carbons, nitrogens, or sulfurs in a given amino acid. For ASC, different synthetic costs were used depending on the organisms. For *E. coli* K-12, *P. syringae* pv. *tomato* strain DC3000, *M. tuberculosis* H37Rv, and other bacteria, the synthetic costs for amino acids in chemoheterotrophic bacteria were used ([@B28]); for *S. cerevisiae*, the respiratory and fermentative synthetic costs of amino acids in yeast were used ([@B34]).

For more information about cost values, see [Text S1](#ST1){ref-type="supplementary-material"}, p. 5 and 6 and associated notes, in the supplemental material. Similar economic trends were seen using cost values other than synthetic cost, including the atomic composition, Gibbs free energy ([@B43]), and mean mass of amino acids ([@B31]) ([Fig. 3](#f3){ref-type="fig"} and [4](#f4){ref-type="fig"}; see also [Fig. S5](#S5){ref-type="supplementary-material"} and [Text S1](#ST1){ref-type="supplementary-material"}, p. 28--32, in the supplemental material). Statistical comparisons of cost values between locations were performed primarily using the Mann-Whitney U test; data from many data sets failed the normality test (see detailed statistics in [Data Set S1, tabs A to C](#ST2){ref-type="supplementary-material"}, in the supplemental material). *P* values were determined for large *Z* and *t* values using R (<http://www.r-project.org>).

Protein location. {#h3.2}
-----------------

The protein sequences and locations for *E. coli* K-12 were obtained from EchoBASE EchoLOCATION (<http://www.york.ac.uk/res/thomas/index.cfm>); YdbA (EB1284) lacked sequence data. The locations of FlgM ([@B39]) and FliK ([@B66]) were reassigned to extracellular proteins, and FlgJ was reassigned to periplasmic protein ([@B38]). The *S. cerevisiae* protein locations and sequences were downloaded from the Comprehensive Yeast Genome Database (<http://mips.helmholtz-muenchen.de/genre/proj/yeast/>). Protein sequence and locations for *M. tuberculosis*, *P. syringae*, and other bacteria were obtained from PSORTdb (<http://db.psort.org/>). For *M. tuberculosis*, Fmt, TrmD, Hns, HupB, and ribosomal proteins ([@B59]) were changed to cytoplasmic ones. All bacterial proteins with the GO term "secreted" (keyword 0964 in UniProt) were reassigned to extracellular ones, except the cell wall proteins of *M. tuberculosis*. Other changes are listed in [Text S1](#ST1){ref-type="supplementary-material"}, p. 1, in the supplemental material; modified locations in *E. coli* and *M. tuberculosis* are in boldface in [Data Set S1, tabs A and C](#ST2){ref-type="supplementary-material"}, in the supplemental material.

SUPPLEMENTAL MATERIAL
=====================

###### Text S1 Supplemental methods. Contains text, references, and Tables S1, S2, S4 to S17, S19 to S24, and S26.

###### Data Set S1 Supplemental data set in an Excel file, including Tables S3, S18, and S25.

###### FIG S1 Costs and sublocations of *E. coli* proteins in inner and outer membranes. Each protein in *E. coli* is plotted based upon its average synthetic cost (ASC) and cellular location; dotted line, overall mean average synthetic cost; black bars, mean ASC of location. Mann-Whitney U tests were used to compare the ASCs of proteins with those of integral membrane proteins. Download

###### FIG S2 Protein abundances and costs of extracellular fibers. (A to C) Negatively stained transmission electron micrographs of BW25113 cells showing flagella, curli, and type 1 fimbriae, respectively. Bars are equal to 500 nm. (D) Each protein in *E. coli* is plotted based upon its average synthetic cost (ASC) and cellular location. Dotted line, mean ASC of all proteins in *E. coli*; black bars, mean ASC of proteins in that location. Download

###### FIG S3 The average synthetic cost (ASC) of flagellar protein correlates with location but not abundance. (A) Comparison of flagellar protein ASC and location. Dotted line, overall mean ASC of flagellar proteins; black bars, mean ASC of flagellar proteins in that location. *P* values were obtained with Student's *t* test (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 19, in the supplemental material). (B, C) Comparisons of ASC and abundance using known stoichiometry (38). (B) Log scale of abundance used to show FliC (20,000 per flagellum). (C) Linear scale of abundance; does not include FliC. Slope of linear fit is −2.82, *R* = 0.135. Download

###### FIG S4 Protein economy of curli and type 1 pilus proteins. Colored diagram of the economic percentiles of each protein. Proteins with lower ASCs (more economical) have higher percentiles and are dark red. ASC increases in the following order: dark red to pink, light to dark blue, white. Proteins without a known function are marked with a question mark. Download

###### FIG S5 Extracellular proteins contain less carbon, nitrogen, or ∆*G* per amino acid than proteins at other locations. (A) Correlation of synthetic cost and the number of carbons per amino acid. (B) Extracellular proteins in *E. coli* have less carbons per amino acid relative to proteins at other locations. (C) The synthetic cost and number of nitrogens do not correlate. (D) Extracellular proteins in *E. coli* have less nitrogens per amino acid relative to proteins at other locations. (E) Correlation of synthetic cost and Gibbs free energy of amino acids in seawater at 18°C. (F) Extracellular proteins in *E. coli* have amino acids with lower ∆*G* relative to proteins at other locations. Dotted lines, overall mean number of carbons, nitrogens, or ∆*G* per amino acid in *E. coli* proteins; black bars, mean value of that location. Mann-Whitney U tests were used to compare values between locations. Download

###### FIG S6 Type III effectors from multiple pathogens are economical. Average synthetic costs (ASC) of type III effectors from animal (blue) and plant (green) pathogens (R. Arnold et al., PloS Pathog. **5**:e1000376, 2009) versus costs and locations of *E. coli* proteins. Dotted line, overall mean ASC of *E. coli*; black bars, mean ASC of protein in that location; smaller, blue and green bars, mean ASCs of animal and plant type III effectors, respectively. Mann-Whitney U tests were used to compare ASC values with those of cytoplasmic proteins of *E. coli*. Download

###### FIG S7 Per residue, proteins in GC-rich organisms have reduced mass; however, extracellular proteins have simpler amino acids. More massive amino acids are generally more expensive to produce (see [Text S1](#ST1){ref-type="supplementary-material"}, p. 5 and 6, in the supplemental material), and thus, use of mass has been proposed as a complementary approach to calculating amino acid cost (31). (A) Organism GC content and the average of mean amino acid mass of chromosomally encoded proteins in 70 Gram-negative (red) and 30 Gram-positive (blue) organisms. White plus sign, thermophile; white center, psychrophile; black center, host-associated organism; black outline, chromosomal DNA is \<1.3 MB, less than that of "*Candidatus* Pelagibacter ubique" which currently has the smallest genome among free-living organisms (67). Slope = −6.54, *R* = 0.938. (B) Mean average synthetic cost (ASC) versus average of mean amino acid mass of chromosomally encoded proteins in 100 bacteria. Slope = −2.23, *R* = 0.978. (C) Comparison of the average mean amino acid masses of extracellular proteins and total proteins of 25 Gram-negative bacteria. Each is capable of aerobic growth and synthesis of all 20 aa (see [Data Set S1](#ST2){ref-type="supplementary-material"}, tab H, in the supplemental material). Slope = −5.49 and −6.56, *R* = 0.813 and 0.956, respectively. Download
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